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ARTICLE
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J.G.C. Peetersa,b,c,e, L.W. Picavetb,c,e, S.G.J.M. Coenenb,c,e, M. Mauthed, S.J. Vervoorta, E. Mocholia,e, C. de Heus a,f,
J. Klumpermana,f, S.J. Vastertb,c, F. Reggiorid, P.J. Coffera,c,e, M. Mokryc,e,g, and J. van Loosdregta,b,c,e

aCenter for Molecular Medicine, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands; bLaboratory of Translational
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Hospital, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands; dDepartment of Cell Biology, University Medical Center
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University, Utrecht, The Netherlands; fDepartment of Cell Biology, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands;
gEpigenomics facility, University Medical Center Utrecht, Utrecht, The Netherlands

ABSTRACT
Macroautophagy (hereafter autophagy) is a lysosomal degradation pathway critical for maintaining
cellular homeostasis and viability, and is predominantly regarded as a rapid and dynamic cytoplasmic
process. To increase our understanding of the transcriptional and epigenetic events associated with
autophagy, we performed extensive genome-wide transcriptomic and epigenomic profiling after nutri-
ent deprivation in human autophagy-proficient and autophagy-deficient cells. We observed that nutri-
ent deprivation leads to the transcriptional induction of numerous autophagy-associated genes. These
transcriptional changes are reflected at the epigenetic level (H3K4me3, H3K27ac, and H3K56ac) and are
independent of autophagic flux. As a proof of principle that this resource can be used to identify novel
autophagy regulators, we followed up on one identified target: EGR1 (early growth response 1), which
indeed appears to be a central transcriptional regulator of autophagy by affecting autophagy-associated
gene expression and autophagic flux. Taken together, these data stress the relevance of transcriptional
and epigenetic regulation of autophagy and can be used as a resource to identify (novel) factors
involved in autophagy regulation.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is a
highly conserved catabolic mechanism, involving the seques-
tration of bulk cytoplasmic components by transient double-
membrane compartments called phagophores; these mature
into autophagosomes, which allow subsequent delivery of the
cargo into lysosomes for degradation [1,2]. Autophagy is
essential for maintaining cellular homeostasis by removal of
damaged or unnecessary proteins and organelles, and is
important for cell viability by maintaining the energy balance
upon cellular stresses, such as nutrient starvation [3].

Because autophagy is a rapid, dynamic process that con-
stantly requires adaptation to environmental changes,
research has often focused on cytoplasmic post-translational
modifications of autophagy-associated genes [4]. In fact, for a
long time autophagy has been viewed as mainly a cytoplasmic
process, especially because enucleated cells are still capable of
undergoing autophagy [5]. Recently it is becoming apparent
that transcriptional and epigenetic events are also involved in
regulating autophagy [6]. One of the first transcription factors
identified to be involved in autophagy regulation under amino
acid and serum starvation is TFEB (transcription factor EB).
Besides its role in regulating lysosomal biogenesis, TFEB is
involved in autophagy initiation because its overexpression

can induce autophagy [7]. This is in part established by direct
binding to the promotor of a set of autophagy-associated
genes and thereby increasing their gene expression [7].
Transcription factors that have been implicated in the regula-
tion of specific autophagy-associated gene expression under
various starvation conditions can have an enhancing effect,
such as the FOXO (forkhead box O) family of transcription
factors [reviewed in 8], or a suppressing effect, such as
ZKSCAN3 (zinc finger protein with KRAB and SCAN
domains 3) [9]. NFKB (nuclear factor kappa B) is a transcrip-
tion factor with a dual effect on autophagy-associated gene
expression, by inhibiting BNIP3 (BCL2 interacting protein 3)
transcription [10] and inducing BECN1 (beclin 1) [11],
SQSTM1 (sequestosome 1) [12], and BCL2 [13] expression.
While these studies have shed light on the transcriptional
regulation of autophagy, it is still incompletely understood
which transcription factors are involved in autophagy mod-
ulation and whether autophagy itself has a feedback regulation
on its transcriptional regulation.

In addition to transcriptional regulation, there is limited
evidence demonstrating whether autophagy is epigenetically
regulated. EHMT2/G9a (euchromatic histone lysine methyl-
transferase 2) [14] and EZH2 (enhancer of zeste 2 polycomb
repressive complex 2 subunit) [15] have both been implicated in
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autophagy repression under serum starvation by increasing
H3K9me2 and H3K27me3 histone mark levels, respectively, of
certain autophagy-associated genes. Furthermore, autophagy
induction has been demonstrated to affect total H3R17me2,
H4K16ac, and H2BK120ub levels through CARM1 (coactivator
associated arginine methyltransferase 1) [16], KAT8/hMOF
(lysine acetyltransferase 8) [17], and the deubiquitinase USP44
(ubiquitin specific peptidase 44) [18], respectively. These altera-
tions affect transcription of genes involved in (the regulation of)
autophagy and therefore function as an epigenetic switch in
autophagy regulation under various starvation conditions and
upon MTOR (mechanistic target of rapamycin kinase) inhibi-
tion. For example, autophagy induction downregulates KAT8,
thereby decreasing H4K16 acetylation of autophagy-associated
genes, which results in decreased gene expression. This reduces
autophagy, thereby providing a feedback mechanism to control
the amount of autophagy [17]. Furthermore, global changes in
H4K20me3 [19], H3K4me3 [17], and H3K56ac [20] have been
associated with autophagy induction, but whether and how this
affects autophagy remains to be determined [17,19,20].
Importantly, extensive studies which assess and combine gen-
ome-wide transcriptomic and epigenomic events underlying
autophagy are lacking. Taken together, further research is
required to understand how, and which, epigenetic modifica-
tions contribute to the regulation of autophagy.

Here, we performed in-depth genome-wide transcriptional
and epigenetic profiling to improve our understanding of the
transcriptional and epigenetic events associated with amino
acid and serum starvation-induced autophagy. RNA and
chromatin immunoprecipitation (ChIP) sequencing of
human cells revealed that nutrient deprivation leads to the
transcriptional induction of many autophagy-associated
genes. A similar induction was observed in autophagy-defi-
cient cell lines, demonstrating that the induction of transcrip-
tion of autophagy-associated genes is an autophagy-
independent process in the cells used in this study. These
transcriptional changes are reflected by POLR2/RNA poly-
merase 2 occupancy, and at the epigenetic level by
H3K4me3, H3K27ac, and H3K56ac, indicating that the epi-
genome is involved in autophagy regulation. Our unbiased
analyses identified EGR1 as a transcriptional regulator of
many autophagy-associated genes, thereby affecting autop-
hagy. This proof of principle demonstrates that these data-
bases can function as a resource to further characterize the
transcriptional and epigenetic events associated with autop-
hagy, thereby facilitating the identification of (novel) media-
tors regulating autophagy in the future.

Results

Increased expression of autophagy-associated genes
upon nutrient deprivation

For a better understanding of the transcriptional changes
initiated by starvation, cells were deprived of amino acids
and serum for 6 h in EBSS (Earle’s balanced salt solution;
culture media without amino acids, serum and a low amount
of glucose [21]), a common manner to starve cells and induce
autophagy, and RNA-sequencing was performed. Nutrient

deprivation of 6 h was chosen as this is long enough to
allow for the detection of changes in the transcriptome and
yet short enough to prevent interference of secondary mod-
ulators of transcriptional responses. We utilized the near-
haploid human HAP1 cell line [22] in which autophagy
genes can be readily manipulated, allowing us to study the
effect of the autophagic flux on the transcriptome. Nutrient
deprivation led to the induction of autophagy, as demon-
strated by an increased autophagic flux as assessed by deter-
mining the levels of lipidated MAP1LC3B (microtubule
associated protein 1 light chain 3 beta; hereafter referred to
as LC3-II) in the presence or absence of bafilomycin A1

(Figure 1(a)), an increase in autolysosomal structures
(Figure 1(b)), and an increase in the number of mCherry+

EGFP+ (yellow) and mCherry+ (red) dots (Figure 1(c)). Cell
viability was not significantly affected at this time point
(Figure S1A). Starvation had a profound effect on the tran-
scriptome of these cells as many genes were significantly
differentially expressed (Figure 1(d,e)). Analysis of genes
affected by nutrient deprivation revealed that autophagy-asso-
ciated genes were enriched within the genes upregulated upon
nutrient deprivation (Figure 1(f); Table S1). The genes upre-
gulated upon starvation also included the majority of the key
genes regulating mammalian autophagosome formation, as
defined by Mizushima et al. [23] (Figure 1(g)). The increased
expression of genes associated with autophagy or involved in
autophagosome formation, observed with RNA sequencing,
was confirmed by qRT-PCR (Figure S1B). Thus, nutrient
deprivation induces autophagy, and in parallel induces the
expression of autophagy-associated genes in HAP1 cells.

Expression of autophagy-associated genes is independent
of autophagic flux

To determine whether autophagy is required for the increased
expression of autophagy-associated genes upon starvation,
CRISPR/Cas9-mediated ATG7 (autophagy related 7)- and
RB1CC1/FIP200 (RB1 inducible coiled-coil 1)-deficient HAP1
cells were utilized (ATG7 KO and RB1CC1 KO), 2 genes belong-
ing to 2 different ATG protein functional clusters [2] (Figure S2A
and S2B). These cells were unable to undergo normal autophagy,
as demonstrated by the lack of LC3-II formation (Figure 2(a)) and
the reduced formation of autophagosomal and autolysosomal
structures (Figure 2(b,c)). Comparison of the transcriptomic
changes of autophagy-deficient and wild-type (WT) cells upon
nutrient deprivation demonstrated that both cell lines responded
in a similar fashion (Figure 2(d,e)). This observation was sup-
ported by the analysis of differentially expressed genes upon
starvation between WT and ATG7 KO or RB1CC1 KO cells,
which revealed that only a few genes have a significantly different
change in expression in RB1CC1 KO cells upon nutrient depriva-
tion compared to their change in WT cells (Figure 2(f)).
Importantly, autophagy-associated genes were significantly
enriched in genes increased in both autophagy-deficient cell
lines (Figure 2(g)). Furthermore, expression of autophagy-asso-
ciated genes was affected similarly in autophagy-deficient cells
compared to WT cells upon starvation (Figure 2(d), indicated
by dark blue dots, and Figure 2(h)). These data demonstrate that
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the increased expression of autophagy-associated genes is not per
se dependent on autophagic flux.

Increased transcription of autophagy-associated genes
contributes to increased expression of autophagy-
associated genes

To investigate whether the increased mRNA expression of
autophagy-associated genes upon nutrient deprivation is the
direct result of increased transcription, and to rule out that
these differences are not only the result of increased mRNA
stability, ChIP-sequencing for POLR2/Pol II (RNA polymer-
ase Il) was performed. mRNA expression as defined by RNA-
sequencing directly correlated with POLR2 signal, indicating
active transcription (Figure 3(a,b)). Moreover, genes identi-
fied based on RNA-sequencing as upregulated after nutrient
deprivation showed indeed an increased POLR2 signal after
starvation, and genes defined as downregulated displayed a
decrease in POLR2 signal, demonstrating that transcription
indeed contributed to the changes in gene expression
(Figure 3(c)). Similarly, the POLR2 signal was increased for
the majority of key genes involved in autophagosome forma-
tion upon starvation (Figure 3(d-f); Figure S3). Collectively
these POLR2 ChIP-seq data demonstrate that increased tran-
scription directly contributes to the increased expression of
autophagy-associated genes in HAP1 cells.

Increased transcription of autophagy-associated genes is
reflected at the epigenetic level

To determine whether epigenetic modifications could contri-
bute to the transcriptional changes upon nutrient deprivation,
global levels of various histone marks (H4K16ac, H4K20me3,
H3K9me2, H3K4me3, H3K27ac, and H3K56ac) were first
assessed by western blotting 3 h after starvation. We did not
observe an effect of nutrient-deprivation on global expression
of these histone marks (Figure S4). Next, to evaluate whether
nutrient deprivation may result in a more specific redistribu-
tion of chromatin marks, ChIP-sequencing was performed for
histone marks associated with active transcription (H3K4me3
[24], H3K27ac [25], and H3K56ac [26]). Short-term nutrient
deprivation resulted in alterations in all 3 histone marks
(Figure 4(a)). As expected, the most pronounced effect was
observed on the histone acetylation status, which has been
demonstrated to be more dynamically regulated than methy-
lation [27]. Increased H3K4me3, H3K27ac, and H3K56ac
alterations directly correlated with increased mRNA expres-
sion (Figure 4(b)). Furthermore, autophagy-associated genes
were enriched within the genes associated with an increase in
H3K4me3, H3K27ac, or H3K56ac (Figure 4(c,d)). These data

indicate that epigenetic alterations correlate with increased
gene expression of autophagy-associated genes observed
upon nutrient deprivation in HAP1 cells.

Epigenetic and transcriptomic analyses identify EGR1 as a
candidate transcriptional regulator of autophagy

We next explored whether our epigenetic and transcriptomic
datasets could be utilized to identify novel regulators of
autophagy as a proof-of-principle exercise. To identify which
transcription factor(s) could be involved in the increased
transcription of autophagy-associated genes upon starvation,
enrichment of transcription factor binding motifs in autop-
hagy-associated genes was analyzed in silico. More specifically,
open chromatin, indicated by H3K27ac, H3K56ac, or
H3K4me3 peaks, associated with autophagy-associated genes
with increased expression upon nutrient deprivation was
combined with DNAse hypersensitivity data and analyzed
for enrichment of transcription factor binding motifs
(Figure 5(a)). For the 10 binding motifs with the highest
enrichment, expression and induction of the corresponding
transcription factors was assessed upon nutrient deprivation
(Figure 5(b,c)). This analysis identified EGR1 as the transcrip-
tion factor with the highest (increase in) expression under
these conditions. Correspondingly, nutrient deprivation
induced a strong increase in the POLR2 signal for EGR1,
and EGR1 protein levels were demonstrated to increase
upon starvation in both HAP1 and U2OS cell lines (Figure 5
(d,e)). Serum or amino acid deprivation alone did not sig-
nificantly affect EGR1 expression (Figure S5). To further
validate the link between EGR1 and autophagy, we examined
publically available EGR1 ChIP-sequencing data from 2 dif-
ferent lymphocytic cell lines, which indeed confirmed binding
of EGR1 in the promotor region of many autophagy-related
genes, including MAP1LC3B (Figure 5(f)). Furthermore, we
identified the presence of 3 EGR1 motifs within the promoter
region of MAP1LC3B corresponding to open chromatin
regions in HAP1 cells. Altogether, these data identify EGR1
as a candidate transcriptional regulator of autophagy.

EGR1 acts as a transcriptional regulator of autophagy

To investigate whether EGR1 affects transcriptional regulation
of autophagy, its expression levels were manipulated and
autophagy-associated gene expression was analyzed. Upon
nutrient deprivation, EGR1 knockdown resulted in a signifi-
cant decrease in the transcription of the majority of autop-
hagy-associated genes tested (Figure 6(a) and Figure S6A and
S6B). Overexpression of EGR1 had a modest effect on the
transcription of autophagy-associated genes (Figure 6(b) and

Figure 1. Increased expression of autophagy-associated genes after nutrient deprivation. (a) Western Blot of HAP1 cells in control and starved (6 h EBSS) condition,
with and without bafilomycin A1 (40 nM). Representative blot is shown (n = 4). (b) Representative EM images of HAP1 cells in control and starved (6 h EBSS)
condition, treated with bafilomycin A1. Autolysosomal structures are indicated by arrows. (c) Representative images of HAP1 cells transfected with a plasmid
encoding mCherry-EGFP-LC3B in control and starved (6 h EBSS) condition. mCherry+ EGFP+ dots (yellow) are autophagosomes and mCherry+ dots (red) are
autolysosomes. (d) MA plot of HAP1 cells upon 6 h starvation with EBSS, displaying all expressed genes. Red dots indicate genes with a FDR < 0.05. (e) Heatmap of
genes differentially expressed in HAP1 cells after 6 h starvation with EBSS. (f) Gene set enrichment analysis for autophagy-associated genes in HAP1 cells upon
starvation (6 h EBSS). (g) Heatmap depicting expression of key autophagy proteins upon starvation (6 h EBSS) of HAP1 cells. See also Figure S1.
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Figure S6C and S6D). To substantiate these findings, we
utilized CRISPR/Cas9-mediated EGR1-deficient HAP1 cells
(EGR1 KO) and assessed autophagy-associated gene expres-
sion upon nutrient deprivation. In agreement with knock-
down of EGR1, the expression of the majority of autophagy-
associated genes was decreased in EGR1 KO cells compared to
WT cells (Figure 6(c) and Figure S6E and S6F). Altogether,
this demonstrates that EGR1 transcriptionally regulates
autophagy-associated genes. To determine whether the
decreased expression of autophagy-associated genes affects
the autophagic flux, the LC3-II:LC3-I ratio was analyzed in
EGR1 KO cells after 3 and 6 h of nutrient deprivation, in the
presence or absence of bafilomycin A1. Indeed, autophagy was
reduced in the absence of EGR1, as indicated by the decreased
LC3-II:LC3-I ratio compared to WT cells (Figure 6(d)). In
contrast, overexpression of EGR1 in either HAP1 cells or
HEK293 cells resulted in an increase in the autophagic flux,
observed after 3 as well as 6 h of EBSS treatment (Figure 6(e,
f)). To validate the findings obtained with western blot, we
transfected EGR1 KO cells with an mCherry-EGFP-LC3B
construct and quantified the amount of autophagosomes (yel-
low) and autolysosomes (red) after 6 h of nutrient deprivation
(Figure 6(g)). In agreement with the decrease in LC3-II:LC3-I
observed with western blot, the ratio of red:yellow dots and
the total amount of dots was decreased in EGR1 KO cells,
suggesting a reduced autophagic flux compared to WT cells
(Figure 6(h)). Altogether, nutrient deprivation induces EGR1
expression, which can subsequently induce autophagy
through transcriptional control of numerous autophagy-asso-
ciated genes, indicating that our datasets can indeed be uti-
lized to identify (novel) regulators of autophagy.

Discussion

Here, we generated an extensive transcriptomic and epige-
nomic database of human cells undergoing autophagy upon
nutrient deprivation. We observed that nutrient deprivation
induces an increase in expression of multiple autophagy-asso-
ciated genes. This is in agreement with other studies, which
analyzed the expression of a subset of proteins involved in
autophagy under different starvation conditions, such as
serum and amino acid deprivation [28] or glucose starvation
[16]. Furthermore, we demonstrated that the expression of
autophagy-associated genes was accompanied by an increase
in POLR2 signal for these genes, validating that increased
transcription contributes to the increased expression. We
observed that nutrient deprivation had a similar effect on
the transcriptome of ATG7 and RB1CC1 knockout cells

compared to WT cells, including increased expression of
autophagy-associated gene expression. This demonstrated
that the transcriptional changes observed upon autophagy
induction are not dependent on autophagic flux, but are
rather the direct result of sensing nutrient deprivation [29].
This also indicates that within 6 h there is either limited
feedback by autophagy itself on the transcriptional level, or
that feedback still takes place in the autophagy-deficient cell
lines, suggesting that autophagic flux is not itself necessary for
feedback.

In atg5−/- mouse embryonic fibroblasts (MEFs), in contrast
to WT MEFs, autophagy induction via rapamycin treatment
does not lead to a decrease in H4K16ac, which is associated
with downregulation of autophagy-associated genes and con-
sidered to be a feedback mechanisms [17]. This suggest that
feedback at the transcriptional levels starts to become relevant
after 6 h, or that these feedback loops are indirect, or that this
is caused by differences between mice and men. Indeed,
analysis of certain key autophagy genes in zebrafish has
demonstrated that the increase in gene expression that is
observed after 12 h of amino acid and serum starvation is
absent after 24 h [28]. Additionally, our results indicate that
the expression of autophagy-associated genes is not a measure
of autophagic flux, because increased gene expression can still
be observed in the absence of ATG7 and RB1CC1, when no
autophagic flux is present. In contrast to other reports, we did
not observe an effect of autophagy induction on global
H4K16ac, H3K4me3, and H3K56ac levels. This discrepancy
could be due to different methods to induce autophagy, for
example nutrient deprivation versus MTOR inhibition, differ-
ences in timing, and differences in the type or species of the
employed cells. For example, rapamycin-induced downregu-
lation of H3K4me3 in MEFs is not observed after glucose
starvation [16,17].

As a proof of principle we used our transcriptional and
epigenetic datasets and identified EGR1 as a potential transcrip-
tional regulator of autophagy, because the EGR1 binding site is
enriched within open chromatin regions of autophagy-asso-
ciated genes, and EGR1 expression increases dramatically
upon nutrient deprivation. EGR1 is an immediate-early
response gene, of which its expression can be induced within
minutes after stimulation [30]. Mitogens [31,32], growth factors
[33], and stress stimuli, such as cigarette smoke [34–36],
hypoxia [37,38], and nutrient deprivation [39] regulate EGR1.
For example, in agreement with our data, glucose restriction
rapidly increases EGR1 protein levels in multiple cell lines [39].
The transcription factor EGR1 has been implicated in numerous
processes, for example apoptosis, angiogenesis, proliferation,

Figure 2. Increased expression of autophagy-associated genes upon nutrient deprivation in ATG7 KO and RB1CC1 KO cells. (a) Western Blot of WT, ATG7 KO, and
RB1CC1 KO HAP1 cells in control and starved (3 h EBSS) condition, treated with bafilomycin A1 (40 nM). Representative blot is shown (n = 4). (b) Representative EM
images of WT, ATG7 KO, and RB1CC1 KO HAP1 cells in starved (6 h EBSS) condition, treated with bafilomycin A1. Autolysosomes are indicated by arrows. (c)
Representative images of HAP1 WT, ATG7 KO, and RB1CC1 KO cells transfected with a plasmid encoding mCherry-EGFP-LC3B in starved (6 h EBSS) condition.
mCherry+ EGFP+ dots (yellow) are autophagosomes and mCherry+ dots (red) are autolysosomes. (d) Fold change of significantly differentially expressed genes in
either WT, ATG7 KO and/or RB1CC1 KO HAP1 cells. Blue dots represent autophagy-associated genes. (e) Heatmap of WT, ATG7 KO, and RB1CC1 KO HAP1 cells upon
starvation (6 h EBSS) displaying genes significantly different in one of the cell lines. (f) MA plot of genes differentially expressed between WT and ATG7 KO or RB1CC1
KO HAP1 cells upon starvation (6 h EBSS). Red dots indicate genes with a FDR < 0.05. (g) Gene set enrichment analysis of autophagy-associated genes in ATG7 KO
and RB1CC1 KO HAP1 cells upon starvation (6 h EBSS). (h) Heatmap depicting expression of key autophagy proteins upon starvation (6 h EBSS) of ATG7 KO and
RB1CC1 KO cells. See also Figure S2.
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cell differentiation, and migration [40,41]. EGR1 has been
linked to cigarette smoke, hypoxia, and irradiation-induced
autophagy, by induction of ATG4B [32] and LC3B protein or
gene expression [35,38]. Additionally, egr1−/- mice are more
resistant to the pro-autophagic effects of chronic cigarette
smoke exposure [35]. However, there are also indications that
EGR1 might act as a negative regulator of autophagy, either by
affecting ATG12–ATG5 conjugation with ATG16L1 [42] or by
transcriptionally regulating the miRNA MIR152, which inhibits
ATG14 and thereby decreases autophagy [43]. Our results are in
line with a transcriptional activating role for EGR1 in autophagy
and demonstrate that its transcriptional activity does not solely
apply to ATG4B and MAP1LC3B, but to numerous autophagy-
associated genes. SQSTM1 and GABARAP (GABA type A
receptor-associated protein) expression was not significantly

affected in EGR1 KO cells, whereas expression was decreased
upon EGR1 knockdown. This discrepancy could be caused by
adaptation of EGR1 KO cells to the long-term absence of EGR1,
as knockdown of EGR1 is transient. The modest effect of EGR1
overexpression on autophagy-associated gene expression com-
pared to EGR1 knockdown or knockout could be caused by the
starvation conditions under which these experiments were per-
formed. Upon starvation, EGR1 expression is already high,
therefore a knockdown/knockout approach is more likely to
have a more pronounced effect on the expression of EGR1
and autophagy-associated genes. Overall, the fact that EGR1
was unbiasedly identified as a transcriptional regulator of autop-
hagy in our transcriptomic and epigenetic analyses, indicates
that our data can facilitate the identification of additional tran-
scription factors involved in the regulation of autophagy.

Figure 3. Increased transcription of autophagy-associated genes contributes to increased expression of autophagy-associated genes. Rank analysis of gene body
POLR2 occupancy and RNA-sequencing signal in control (a) condition and after starvation (b). Genes are ranked according to RNA-sequencing data. (c) Boxplots with
5%-95% whiskers displaying log2 fold change of body POLR2 signal for genes unchanged, increased, and decreased ≥ log1 based on RNA-sequencing. (d) Gene set
enrichment analysis of autophagy-associated genes for genes associated with an alteration of body POLR2 signal upon starvation (3 h EBSS). (e) Heatmap depicting
body POLR2 signal for key autophagy genes upon starvation (3 h EBSS). (f) Gene track for MAP1LC3B displaying ChIP-seq signals for POLR2. See also Figure S3.
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Figure 4. Increased transcription of autophagy-associated genes is reflected at the epigenetic level. (a) MA plots of H3K4me3, H3K27ac and H3K56ac signal upon
starvation (3 h EBSS). Red dots indicate genes with a FDR < 0.05. (b) Boxplots with 5%-95% whiskers displaying log2 fold change in H3K4me3, H3K27ac or H3K56ac
signal for genes unchanged, increased, and decreased ≥ log1 based on RNA-sequencing. (c) Gene set enrichment analysis of autophagy-associated genes for genes
associated with an alteration of H3K4me3, H3K27ac or H3K56ac signal upon starvation (3 h EBSS). (d) Gene tracks for MAP1LC3B and ATG4D displaying ChIP-seq signals
for H3K4me3, H3K27ac, and H3K56ac with and without starvation (3 h EBSS). See also Figure S4.
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Various signaling pathways have been reported to be
involved in the transcriptional regulation of EGR1 [44].
Reactive oxygen species (ROS), which can be induced by
EBSS treatment, are a known inducer of autophagy [45].
Additionally, ROS production has been demonstrated to

induce EGR1 expression in a MAPK/JNK- and MAPK/ERK-
dependent manner [46]. Together, this suggests that nutrient
deprivation may induce EGR1 expression through MAPK/
JNKs and MAPK/ERKs. AMP-activated protein kinase
(AMPK), a key energy sensor regulating cellular energy
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homeostasis, can induce autophagy through inactivation of
MTOR complex 1 [47] and phosphorylation of ULK1 (unc-
51 like autophagy activating kinase 1), a rapid and cytoplas-
mic process [48]. Recently, also a nuclear role for AMPK has
also been described; upon prolonged glucose starvation,
nuclear AMPK expression and activation is increased, leading
to initiation of the FOXO3-SKP2 (S-phase kinase associated
protein 2)-CARM1 axis, which can transcriptionally regulate
specific autophagy-associated genes [16].AMPK activation has
been demonstrated to induce EGR1 protein expression within
30 min [49,50]. These data indicate that the signaling pathway
regulating the role of EGR1 in autophagy might involve
AMPK. Because nuclear AMPK expression was only observed
upon prolonged glucose starvation and the increase of EGR1
after starvation is rapid, it remains to be investigated whether
nuclear AMPK is involved in the initial EGR1 induction or
whether it is more important for maintaining EGR1 expres-
sion upon starvation.

In conclusion, our global transcriptomic and epigenomic
profiling has demonstrated that nutrient deprivation regulates
the transcriptional induction of autophagy-associated genes.
This increase in autophagy-associated gene expression is
accompanied by changes in chromatin remodeling and is
not regulated by the autophagic flux. Furthermore, as a
proof of principle, our data identified EGR1 as a transcrip-
tional regulator of serum and amino acid starvation-induced
autophagy. Taken together, these data increase our under-
standing of the molecular pathways regulating autophagy
and can be used as a resource to identify (novel) factors
involved in autophagy regulation. Because autophagy has
been implicated in numerous diseases, a better understanding
of the molecular pathways and transcription factors regulating
autophagy might lead to the development of novel strategies
aimed at restoring autophagy levels in the context of disease,
for example therapies targeting EGR1 expression [51].

Materials and methods

Cell culture

HAP1 WT (C631), ATG7 KO (HZGHC000302c022), RB1CC1
KO (HZGHC000567c007), and EGR1 KO (HZGHC1958) cells
were obtained from Horizon Genomics and cultured in
Iscove’s Modified Dulbecco’s Medium (Gibco, 21,980,032;
IMDM). U2OS (HTB-96) and HEK293 cells (CRL-1573)
were obtained from ATCC and were cultured in Dulbecco’s
Modified Eagle Medium (Gibco, 31966021l; DMEM). Both
IMDM and DMEM were supplemented with 100 U/ml

penicillin, 100 mg/ml streptomycin (Gibco, 15,070–063) and
10% heat-inactivated fetal calf serum (Sigma-Aldrich, F7524)
and all cells were cultured at 37°C in 5% CO2. For nutrient
deprivation, cells were cultured with Earle’s Balanced Salt
Solution (Sigma-Aldrich, E288; EBSS). For overexpression,
cells were transfected with 2 µg DNA using polyethylenimine
(Polysciences, 23,966–1). After 18 h, cells were washed with
PBS (Sigma-Aldrich, D8537) and cultured for 24 h. For
knockdown, cells were transfected with 25 pmol siRNA
using Lipofectamine RNAiMAX transfection reagent
(Invitrogen, 13,778,150). After 18 h, cells were washed with
PBS and cultured for 6 h.

Antibodies and reagents

The following antibodies were used: mouse anti-MAP1LC3B
(Nanotools, 0231–100/LC3-5F10), rabbit anti-ATG7 (Cell
Signaling Technology, 2631S), rabbit anti-RB1CC1/FIP200
(ITK diagnostics, A301-536A), rabbit anti-EGR1 (Cell
Signaling Technology, 4154S), mouse anti-RPB1 (Euromedex;
PB-7C2), rabbit anti-histone H3 acetyl K27 (Abcam, ab4729),
rabbit anti-histone H3 acetyl K56 (Active Motif, 39,281), rabbit
anti-histoneH3 trimethyl K4 (ActiveMotif, 39,159), mouse anti-
histone H3 (ActiveMotif, 39,763), mouse anti-TUBA4A/tubulin
(Sigma-Aldrich, T9026). pMXs-hs-EGR1 was a gift from Shinya
Yamanaka (Addgene, 52,724) [52]. For EGR1 knockdown,
human SMARTpool EGR1 siRNA (Dharmacon, M-006526–
01-0005) was used. pBABE-puro-mCherry-EFGP-LC3B was a
gift from Jayanta Debnath (Addgene, 22,418) [53]. To increase
the intensity of the fluorescence, the EEF1A1/EF1α promoter
was cloned into the construct using NaeI restriction sites. bafi-
lomycin A1 was obtained from Sigma-Aldrich (B1793).
Hydroxychloroquine (HCQ) was obtained from Acros
Organics (263,010,250).

Western blot

Western blot was performed as described previously [54]. In
short, cells were lysed in Laemmli buffer (0.12 M Tris–HCl,
pH 6.8, 4% SDS, 20% glycerol, 0.05 µg/µl bromophenol blue,
35 mM β-mercaptoethanol). Samples were separated by SDS-
PAGE, transferred to a polyvinylidene difluoride membrane
(Merck, IPFL00010), probed with the indicated antibodies and
analyzed using enhanced chemiluminescence (Thermo Fisher
Scientific, 34,075) or an Odyssey Sa Infrared Imaging System
(LI-COR, Lincoln, NE, USA).

Figure 6. EGR1 acts as a transcriptional regulator of autophagy. (a) Expression of autophagy-associated genes in HAP1 cells with and without EGR1 knockdown
starved for 6 h with EBSS. Fold change relative to cells transfected with scrambled siRNA is shown. Data are represented as mean ± SEM (n = 6–9). (b) Expression of
autophagy-associated genes in HAP1 cells with and without EGR1 overexpression starved for 6 h with EBSS. Fold change relative to empty vector (EV)-transfected
cells is shown. Data are represented as mean ± SEM (n = 3–6). (c) Expression of autophagy-associated genes in HAP1 EGR1 KO cells starved for 6 h with EBSS. Fold
change relative to WT HAP1 starved for 6 h is shown. Data are represented as mean ± SEM (n = 6). (d) LC3 and TUBA4A expression in WT and EGR1 KO HAP1 cells in
control and starved (3 h and 6 h EBSS) condition, treated with bafilomycin A1 (40 nM). Representative blot is shown (3 h: n = 4; 6 h: n = 6). (e) EGR1, LC3, and
TUBA4A expression in WT HAP1 cells with and without EGR1 overexpression in control and starved (3 h and 6 h EBSS) condition, treated with bafilomycin A1 (40 nM).
Representative blot is shown (3 h: n = 3; 6 h: n = 3). (f) LC3, EGR1, and TUBA4A expression in HEK293 cells with and without EGR1 overexpression in control and
starved (3 h and 6 h EBSS) condition, treated with bafilomycin A1 (40 nM). Representative blot is shown (3 h: n = 3; 6 h: n = 6). (g) Representative images of HAP1 WT
and EGR1 KO cells transfected with a plasmid encoding mCherry-EGFP-LC3B in starved (6 h EBSS) condition. mCherry+ EGFP+ dots (yellow) are autophagosomes and
mCherry+ dots (red) are autolysosomes. (h) Boxplots with 5%-95% whiskers displaying the ratio red vs. yellow dots per cell and the total amount of dots per cell (75
cells were counted within 2 independent experiments). * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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Electron microscopy

Cells were fixed with 50% karnovsky fixative (2.5% glutaraldehyde
[Merck, 104,239], 2% paraformaldehyde [Sigma-Aldrich,
441,244], 0.1 M phosphate buffer, pH 7.4 (0.019 M
NaH2PO4.1H20, 0.081 M Na2HPO4.2H2O), 0.25 mM CaCl2,
0.5mMMgCl2) by adding equal amount of fixative to themedium
and incubating for 10 min. Then, fixative was replaced for fresh
50%karnovsky fixative and incubated for 2 h at room temperature.
Cells were washed 3 × 10 min with 0.1 M phosphate buffer,
scraped and pelleted. Pellets were resuspended quickly in 2% low
melting point agarose (Sigma-Aldrich, A9414-25G) at 63°C and
immediately pelleted again. Pellets were incubated on ice for
30 min and cut into blocks, after which blocks were incubated in
postfix solution (0.1 M phosphate buffer, pH 7.4, 1% OsO4
[Electron Microscopy Science, 19,110], 1.5% K3[Fe{CN}6]
[Merck, 104,984]) for 2 h, 4°C. Samples were washed 3x with
distilled water and incubated in 0.5% uranyl acetate (Electron
Microscopy Science, 041209AB) for 1 h, 4°C in the dark.
Afterwards, samples were rinsed with distilled water and incu-
bated in 70% acetone overnight. Dehydration was done with
increasing amounts of pure acetone with a final step of 100%
acetone (Merck, 1,002,991,001). Epon infiltration (glycid ether
100 [Serva, 21,045], 2-dodecenyl succinic anhydride [Serva
20,755], methylnadic anhydride [Serva, 29,452],
N-benzyldimethylamine [Electron Microscopy Science, 11,400–
25] was done with acetone-epon mixtures with increasing
amounts of epon and a final step of 100% epon. After the last
step of 100% epon, fresh epon was added and polymerized for
3 days at 60°C. Cutting of ultra-thin sections was done on a Leica
UCT/FCS (Leica, Wetzlar, Germany). Staining was done with a
Leica AC20 (Leica, Wetzlar, Germany) with 45 min 0.5% uranyl
acetate (Laurylab, 705,631,095) at 20°C and 5 min Reynolds lead
citrate (Leica, D151214) at 20°C. The samples were examined with
a Jeol101 electron microscope (Jeol Europe, Nieuw-Vennep, The
Netherlands).

Confocal microscopy

Autophagy was analyzed using the pBABE-puro-Ef1alpha-
mCherry-EFGP-LC3B construct (see section ‘antibodies and
reagents’ how construct was created). Cells were seeded in 8-
well µ-slides (Ibidi, 80,826) and cultured for 24 h, transfected
with 0.2 µg DNA using polyethylenimine. After 18 h, cells
were washed with PBS and cultured for 24 h. Next, cells were
cultured for 6 h in either full IMDM or EBSS for 6 h, and
40 µM bafilomycin A1 was added after 5.5 h. Cells were
washed twice with PBS, fixed with 1% formaldehyde (Merck
Millipore, 104,003) and visualized with a Zeiss LSM 710
microscope (Carl Zeiss, Oberkochen, Germany) using the
63x objective.

Apoptosis measurements

Apoptosis was analyzed using the AnnexinVApoptosis Detection
Kit (BD Biosciences, 556,547) according to the manufacturer’s
protocol. Living cells were defined as ANXA5− 7-AAD−, early
apoptotic cells as ANXA5+ 7-AAD−, and late apoptotic cells as
ANXA5+ 7-AAD+.

Quantitative RT-PCR

Total RNA was extracted using the RNeasy kit (Qiagen, 74,106)
and cDNA synthesis was performed using the iScript cDNA
synthesis kit (Bio-Rad, 1,708,891). cDNA samples were amplified
with SYBR Select mastermix (Life Technologies, 4,472,919) in a
QuantStudio 12k flex (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol. A list of primers
used in this study can be found in Table S2.

RNA-sequencing and analysis

Cells were cultured till 80% confluence in 6w plates (Thermo
Fisher Scientific, 140,675) and cultured for 6 h in full IMDM
or EBSS. Total RNA was extracted from 3 independent bio-
logical replicates using the RNeasy kit. mRNA was isolated
using NEXTflex®Poly(A) Beads (Bio Scientific, NOVA-
512,980), libraries were prepared using the NEXTflex®Rapid
Directional RNA-Seq Kit (Bio Scientific, NOVA-513,808) and
samples were sequenced 75 base pair single-end on Illumina
NextSeq500 (Illumina Inc., San Diego, CA, USA; Utrecht
DNA Sequencing Facility). Reads were aligned to the human
reference genome GRCh37 using STAR version 2.4.2a.
Picard’s AddOrReplaceReadGroups (v1.98) was used to add
read groups to the BAM files, which were sorted with
Sambamba v0.4.5 and transcript abundances were quantified
with HTSeq-count version 0.6.1p1 using the union mode.
Subsequently, reads per kilobase million sequenced (RPKMs)
were calculated with edgeR’s RPKM function. Differentially
expressed genes were identified using the DESeq2 package
with standard settings. Genes with absolute padj< 0.05 were
considered as differentially expressed.

ChIP-sequencing and analysis

Cells were cultured until 80% confluence in 15-cm dishes
(Corning, 430,599) and cultured for 3 h in full IMDM or
EBSS. Cells from 2 independent biological replicates were
crosslinked in 1% formaldehyde, 5 mM HEPES-KOH, pH
7.5, 10 mM NaCl, 0.1 mM EDTA, 50 µM EGTA and after
10 min crosslinking was stopped by adding 0.1 M glycine.
Nuclei were isolated in 50 mM Tris, pH 7.5, 150 mM NaCl,
5 mM EDTA, 0.5% NP-40 (Sigma-Aldrich, 56,741), 1% Triton
X-100 (Sigma-Aldrich, T8787) and lysed in 20 mM Tris, pH
7.5, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.3% SDS.
Lysates were resuspended in 20 mM Tris, pH 8.0, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100 and sonicated using
Covaris (Covaris, Woburn, MA, USA) for 8 min, maximum
output. Sheared DNA was incubated overnight with the indi-
cated antibodies pre-coupled to protein A/G magnetic beads
(Pierce, 88,802). Cells were washed and crosslinking was
reversed by adding 1% SDS, 100 mM NaHCO3, 200 mM
NaCl, 300 µg/ml proteinase K (Invitrogen, 25,530–015).
DNA was purified using ChIP DNA Clean & Concentrator
kit (Zymo Research, D5205), and end repair, A-tailing, and
ligation of sequence adaptors was done using Truseq nano
DNA sample preparation kit (Illumina, 20,015,965). Samples
were PCR amplified, and barcoded libraries were sequenced
75 base pair single-end on Illumina NextSeq500. Peaks were
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called using Cisgenome 2.0 [55] (–e 150 -maxgap 200 –
minlen 200). Peak coordinates were stretched to at least
2000 base pairs and collapsed into a single list. Overlapping
peaks were merged based on their outermost coordinates.
Only peaks identified by at least 2 independent datasets
were further analyzed. Peaks with differential H3K27ac,
H3K56ac or H3K4me3 occupancy were identified using
DESeq (padj< 0.05) [56].

Motif enrichment analysis

H3K27ac, H3K56ac, and H3K4me3 peaks associated with
autophagy-associated genes with log2FoldChange ≥ 0.5 upon
starvation were overlapped with DNAse hypersensitivity sites,
based on online DNAse-seq data in HAP1 cells (GEO
GSE90371 [57]). The overlapping peaks were analyzed for
motif enrichment using the AME tool of MEME Suite [58].

Gene set enrichment analysis (GSEA)

GSEA was performed using autophagy-associated genes that were
identified via the human autophagy database (available at http://
autophagy.lu/and see Table S1) [59]. Significance of the enrich-
ment was calculated based on 1000 cycles of permutations.

Statistical analysis

For ChIP-seq and RNA-seq analysis, p-values were adjusted with
the Benjamini-Hochberg procedure and a false discovery rate
(FDR) ≤ 0.05 was considered significant. Cell viability was ana-
lyzed using two-way ANOVA with Sidak correction for multiple
testing. Correlation between ChIP-seq and RNA-seq data and
EGR1 induction by serum and/or nutrient deprivation was deter-
mined using an ordinary one-way ANOVA with Dunnett’s post-
test. Starvation-induced changes of autophagy-associated genes,
the POLR2 signal for key autophagy genes, andEGR1knockdown,
knockout, and overexpression were analyzed using Wilcoxon-
matched pairs singed rank test (paired samples) or the Mann-
WhitneyU test (unpaired samples).Autophagic fluxmeasurement
usingmCherry-EGFP-LC3Bwas analyzed using an unpaired t test
with Welch’s correction. All analyses were performed using
GraphPad Prism (GraphPad Software).

Data availability

The RNA-sequencing and ChIP-sequencing data from this
publication have been deposited in the NCBI GEO database
and together assigned the identifier GSE107603 (RNA-
sequencing: GSE107600; ChIP-sequencing: GSE107599).

Abbreviations

ATG12 autophagy related 12
ATG14 autophagy related 14
ATG16 autophagy related 16
ATG4B autophagy related 4B cysteine peptidase
ATG5 autophagy related 5
ATG7 autophagy related 7
BECN1 beclin 1
BNIP3 BCL2 interacting protein 3

CARM1 coactivator associated arginine methyltransferase 1
ChIP chromatin immunoprecipitation
EBSS Earle’s balanced salt solution
EGR1 early growth response 1
EHMT2/G9a euchromatic histone lysine methyltransferase 2
EZH2 enhancer of zeste 2 polycomb repressive complex 2

subunit
FOXO forkhead box O
KAT8/hMOF lysine acetyltransferase 8
MAP1LC3B microtubule associated protein 1 light chain 3 beta
MEF mouse embryonic fibroblast
MTOR mechanistic target of rapamycin kinase
POLR2/Pol II RNA polymerase Il
RB1CC1 RB1 inducible coiled-coil 1
ROS reactive oxygen species
SKP2 S-phase kinase associated protein 2
SQSTM1 sequestosome 1
TFEB transcription factor EB
ULK1 unc-51 like autophagy activating kinase 1
USP44 ubiquitin specific peptidase 44
WT wild type
ZKSCAN3 zinc finger protein with KRAB and SCAN

domains 3
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